Spinal cord injury (SCI) causes immediate damage to the nervous tissue accompanied by loss of motor and sensory function. The limited self-repair competence of injured nervous tissue underscores the need for reparative interventions to recover function after SCI. The vasculature of the spinal cord plays a crucial role in SCI and repair. Ruptured and sheared blood vessels in the injury epicenter and blood vessels with a breached blood-spinal cord barrier (BSCB) in the surrounding tissue cause bleeding and inflammation, which contribute to the overall tissue damage. The insufficient formation of new functional vasculature in and near the injury impedes endogenous tissue repair and limits the prospect of repair approaches. Limiting the loss of blood vessels, stabilizing the BSCB, and promoting the formation of new blood vessels are therapeutic targets for spinal cord repair. Inflammation is an integral part of injury-mediated vascular damage, which has deleterious and reparative consequences. Inflammation and the formation of new blood vessels are intricately interwoven. Biomaterials can be effectively used for promoting and guiding blood vessel formation or modulating the inflammatory response after SCI, thereby governing the extent of damage and the success of reparative interventions. This review deals with the vasculature after SCI, the reciprocal interactions between inflammation and blood vessel formation, and the potential of biomaterials to support revascularization and immunomodulation in damaged spinal cord nervous tissue.
Biomedical Materials

Introduction
The involvement of the vasculature in spinal cord injury (SCI) and its anatomical and functional consequences are unambiguously evident [1] [2] [3] [4] [5] . In the healthy spinal cord, blood vessels provide oxygen and nutrients and remove metabolic waste, which are crucial functions for the maintenance and activity of neural cells and their intricate interactions within the nervous tissue. Trauma to the spinal cord destroys blood vessels in the injury epicenter and breaches the blood-spinal cord barrier (BSCB) of blood vessels in the surrounding tissue (i.e., penumbra) causing bleedings, inflammation, and edema which significantly contribute to secondary loss of neural cells, extracellular matrix (ECM), and tissue integrity [6, 7] . The initial and secondary injury together determine the extent of motor and sensory function impairments after SCI. Recently, pericytes were associated with impaired blood flow and motor function in chronic SCI [8] . An endogenous generation of new blood vessels (i.e., angiogenesis) occurs at the site of injury as part of an effort of self-repair, but many of these new blood vessels fail to organize into a functional vasculature; recovery due to self-repair is limited. In cases where recovery of function is observed after SCI, it is typically due to plasticity within the spinal cord rather than repair of the damaged tissue.
SCI-induced vascular damage exacerbates inflammation of the damaged nervous tissue. The regulated infiltration of immune cells, including neutrophils, lymphocytes, and macrophages, together with those that inundate the site because of disrupted blood vessels contribute to the overall damage. However, inflammation can also mediate reparative effects after SCI. Immune cells can differentially influence angiogenesis according to the predominant macrophage phenotype, aiding the reestablishment of functional vasculature and tissue repair.
Because of their key roles in SCI and repair, the vasculature and inflammatory response constitute potential therapeutic targets. Approaches to limit the loss and/or malfunctioning of blood vessels, promote and guide angiogenesis towards new functional vasculature, and shift the inflammatory response from cytotoxic to reparative could all curb secondary loss of neural cells/tissue and, thus, support functional recovery [5] . Moreover, new functional vasculature and immunomodulation may enhance the outcome of approaches that employ drugs or cells to elicit repair and recovery. There is a potential role for bioengineered materials in limiting the loss and/or mediating the formation of blood vessels or modulating the inflammatory response in the injured spinal cord. The fast expanding knowledge of molecules involved in angioprotection and angiogenesis, and in the functioning of blood vessels [9] [10] [11] , as well as in immunomodulation serves as a molecular foundation for tailored engineering of materials with therapeutic value for the injured spinal cord.
Here, we will review and discuss revascularization, inflammation, and the relationship between these events, after SCI. We will examine the potential of engineered and natural biomaterials to promote and guide revascularization and immunomodulation in support of spinal cord repair. Also, we will discuss how insights from other fields, such as cancer, muscle ischemia, and chronic wounds, can support the development of therapies for angiogenesis and immunomodulation after SCI.
Spinal cord anatomy and vasculature
The anatomy of the spinal cord ( figure 1(A) ) reflects its function as an intermediate between the brain and the periphery to gait and modulate information in both directions. The vasculature of the spinal cord is organized such that its ventral aspect is supplied centrifugally by the central artery and the anterior part of the vasocorona (i.e., a vascular net on the pia mater) while its dorsal aspect is supplied centripetally by the posterolateral longitudinal spinal arteries and the posterior part of the vasocorona ( figure 1(B) ). The supply to the central aspect of the spinal cord (known as the watershed zone) depends on overlapping terminal vascular fields. The capillary bed density is higher in the gray matter than in the white matter [12, 13] , likely to meet the greater demand for oxygen and nutrients by the many metabolic highly active neural cells.
SCI and consequences for the vasculature
The predominant mechanism of SCI in humans is a contusion which causes immediate neural cell death and severance and/or demyelination of passing axons [6, 7] . The loss of cells/tissue is progressive due to secondary pathophysiological events [14, 15] . SCI typically causes loss of the ability to move legs, with thoracic or lumbar SCI, or arms and legs, with cervical SCI, as well as sensory, autonomic, bladder, bowel, and sexual dysfunction, which all impact the quality of life [3, 16] .
Mechanical forces during SCI result in destruction and shearing of blood vessels causing hemorrhages [15] . In blood vessels nearby, endothelial cells (ECs) may start to degenerate in minutes after an insult and die over the following days thereby further increasing vascular damage [17] [18] [19] . Additional ECs may die due to oxidative stress, mediated by reactive oxygen species [20] , and anoikis, mediated by detachment from ECM [21] . Vasculature is also affected by breached BSCB in blood vessels within the penumbra due to shear stress during the insult, resulting in hyperpermeability of the blood vessels [15] . Relative changes in BSCB permeability and blood vessel presence after SCI are depicted in figure 2.
Vascular damage contributes to the consequences of SCI
After SCI, petechial bleedings are present throughout the injury epicenter. The presence of blood cells, as well as immune/inflammatory cells, contributes directly and indirectly to additional loss of nervous tissue [3, 22] . Vascular damage results in an abrupt loss of hemostasis and, eventually, an ischemic cascade, i.e., the accumulation of cytotoxic proteolytic enzymes and reactive oxygen species, which causes additional cell death and tissue loss [23] . The lack of oxygen causes irreversible damage within minutes after injury. A breached BSCB in blood vessels of the penumbra contributes to further loss of cells/tissue by adding to bleeding and inflammation. Blood vessels with a malfunctioning BSCB also further disrupt the fluid homeostasis resulting in accumulation of interstitial fluids and edema (swelling). In chronic SCI, pericytes contribute to hypoxic conditions in the spinal cord nervous tissue caudal to an injury and impaired motor function through the constriction of local capillaries caused by pericytes-derived trace amines [8] .
There are also systemic consequences due to vasculature damage after SCI. An injury to the spinal cord affects autoregulation causing reduced blood flow and, as a consequence, ischemia, which in turn leads to loss of initially spared tissue [16, 23] . Imbalances in nitric oxide (NO) may influence arteriolar tone in the injured spinal cord [24] . SCI can also cause neurogenic shock [14] , bradycardia, and hypotension which all affect blood supply to the spinal cord and thus contribute to the overall damage. These consequences also have indirect effects on organs [25] because the reduced arterial blood pressure may cause a reduction in microvascular blood flow and, as a result, organ dysfunction.
5. Inflammation after SCI-interactions with the vasculature 5.1. Vascular dynamics and inflammation after injury Vascular damage and inflammatory events after SCI are tightly intertwined (figure 2). The acute immune response is initiated by signals released by damaged and apoptotic cells [26, 27] and exacerbated by circulatory spills from the damaged vasculature [28] . The early phase of the acute immune response is characterized by inflammation, in which immune cells such as neutrophils, lymphocytes, and macrophages are involved in the removal of cellular debris, which causes cytotoxicity. During this early phase, the immune cell infiltration, with damaged blood vessels as a port of entry, is sequentially regulated by chemokines from damaged cells [29] . Neutrophilattracting chemokines recruit neutrophils within the first 6 h after injury, interferon-γ-inducible protein 10 (IP-10) mediates the infiltration of lymphocytes at 6-12 h after injury, and macrophage chemoattractant protein 1 (MCP1) recruits macrophages at 12-24 h Figure 2 . Schematic of relative changes in immune cell presence (top) and BSCB permeability and blood vessel presence (bottom) after SCI. GMBV=gray matter blood vessels, WMBV=white matter blood vessels, BSCB=blood spinal cord barrier. Based on data from [35, 36, [43] [44] [45] [46] [47] .
after injury [30] [31] [32] . The presence of immune cells in time after SCI is depicted in figure 2 . Microglia, the local immune cells in the spinal cord, are activated within minutes after injury to become the inflammatory tissue-resident macrophages [33] . The later phase of the acute immune response refers to the decrease in inflammatory cells and cytokines like neutrophils, interferon-gamma (IFN-γ) or tumor necrosis factor alpha (TNF-α) [29, 34] , along with the shift of inflammatory macrophages (M1-like) to reparative phenotypes (M2-like) [35, 36] . In normally regenerating tissues, the acute immune response resolves into wound healing and absence of immune cells. After SCI, the permanent presence of inflammatory macrophages is considered a chronic immune response [37] .
Activated immune cells within the injury site secrete enzymes, such as elastase [38] , that alter the basement membrane of blood vessels, increasing their permeability and, thus, the infiltration of inflammatory cells, including macrophages [38, 39] . Once recruited, macrophages secrete matrix metalloproteinases that mediate ECM remodeling to activate an angiogenic response [40, 41] . Thus, the enhanced inflammation after SCI caused by the disrupted vasculature may exacerbate the overall tissue damage and extend the injury; however, it also plays an important role in eliciting effects beneficial for repair [39, 42] .
Macrophages
The infiltrated and tissue-resident macrophages have the most influence on tissue inflammation, resolution, and repair, due to their rich secretome and phenotypic plasticity (reviewed in [39, 48] ; also [42, [49] [50] [51] [52] . Macrophages respond to their biochemical microenvironment adopting different activation states. The different phenotypes are characterized by surface marker expression, cytokine secretion and/or phagocytic behavior. Activated macrophages undergo a stimulus-dependent phenotypical polarization ranging between an inflammatory, cytotoxic functional state (M1-like), and a reparative, regulatory (M2-like) functional state [35, 53, 54] . In regenerating tissues, the macrophage population progressively shifts from an inflammatory to an anti-inflammatory and reparative phenotype [36, 39] . In non-regenerating tissues, such as the spinal cord nervous tissue, this shift does not occur effectively and inflammation does not resolve, resulting in a chronically cytotoxic state that limits repair [29, 36, 37] .
The M1-like and M2-like macrophages are both important for the formation of blood vessels, albeit through vastly different actions and in a time-dependent manner. Contrary to their cytotoxic behavior, M1-like macrophages also secrete many pro-angiogenic molecules that initiate blood vessel sprouting and growth at the beginning of the angiogenic process [40, 55] . M2-like macrophages secrete factors that attract pericytes and vascular smooth muscle cells to promote the maturation and stabilization of the newly formed vessels [39, 50, 56] . Moreover, the reparative M2-like macrophages secrete factors that contribute to the regulation of oligodendrocyte differentiation and remyelination [57] and support neuronal survival and outgrowth [35] . The functional characterization of macrophage phenotypes in wound healing, specifically after SCI, emphasizes the importance for the sequential regulation of angiogenesis and nervous tissue protection and remodeling.
Many studies suggest that modulating macrophage populations towards the M2-like phenotype may support repair [36, 39, 50, 58] . However, the action of M1-like macrophages is crucial for the breakdown of the existing ECM and the initiation of vascular growth. Promoting the shift to M2-like phenotype too early after injury could impede the angiogenic response and lead to excessive scar tissue and fibrosis [50, 59] . Thus, a time-controlled immunomodulation approach may be key for successful repair after SCI.
Angiogenesis after SCI-interaction with inflammation
Angiogenesis is necessary to re-vascularize regenerating tissue to provide nutrients, oxygen, and growth factors, remove metabolic waste, and serve as a gateway for immune cells [58] . Immune cells have a crucial role in regulating and promoting angiogenesis and this interaction is important for tissue regeneration [29, 48] . Levels of colony stimulating factor 1 (CSF1) increase up to seven days after injury, which promotes infiltrating macrophage proliferation, differentiation, and migration. When CSF1 is inhibited or depleted, a decrease in vascular density and, consequently, a delay in wound healing can be found [41] . The importance of the macrophage phenotype in overall tissue repair was also shown by depleting these cells at different time points after injury which affected the extent of wound repair or scar formation [60] .
Vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) enhance angiogenesis in a sequential manner. Macrophages are partially responsible for the secretion of VEGF and PDGF, differentially over their phenotypic evolution during CNS wound healing [56, 61] . M1-like macrophages secrete VEGF and fibroblast growth factor (FGF2), which promote tip-endothelial cell fusion, protease secretion by them and other immune cells, and basal membrane remodeling to create tunnels for cell access [35, 40, 55, 62] . M2-like macrophages secrete PDGF-BB and IGF-1 [63, 64] , which attracts pericytes and vascular smooth muscle cells [50, 56] . Interestingly, VEGF presents immunosuppressive potential in adult rats. Administration of VEGF to adult rats after T9 spinal cord transection reduces activation and proliferation of microglia [34] . The mechanisms regulating this process are not yet known, but it corresponds to the paired time line of angiogenesis and macrophage modulation to M2-like phenotypes.
The progressive transition in macrophage phenotype observed in regenerating tissues could be the key to a well-regulated angiogenesis, which is necessary for proper wound healing. Promoting appropriate immunomodulation after SCI while focusing on concomitant angiogenesis seems to be a promising strategy to accelerate SC repair.
Angiogenesis as a therapeutic target
Promoting angiogenesis after SCI constitutes a therapeutic strategy that may lead to reduced tissue damage and increased regeneration [61] . Knowledge about the molecular regulation of angiogenesis has been employed to promote angiogenesis for tissue regeneration or block angiogenesis for anti-cancer treatments [65, 66] . After SCI, blood vessel breakdown and angiogenesis are dynamic and ongoing processes, that, if targeted within the first seven days post injury, could provide long-term benefits for recovery [44] . Once the acute injury period has passed, effectively targeting the angiogenic response for tissue regeneration and repair becomes much more challenging, for one, due to the progressive loss of tissue and vasculature. Consistent with this idea, the vast majority of studies described here which targeted angiogenesis and vascular remodeling have been tested in an acute injury model. The acute phase of SCI is defined by the breakdown of blood vessels and ongoing bleeding within the injury epicenter, paired with the leaking of blood vessels in the penumbra. Strategies to promote angiogenesis acutely after SCI showed reduced secondary degeneration and enhanced functional recovery [67] [68] [69] [70] . Growth factor promoters of angiogenesis, such as VEGF isoforms and their receptors; Ang1 and Ang2; or FGFs, when administered to damaged tissue in animal models enhanced both angiogenesis and functional recovery [65] . Cells with paracrine angiogenic effects promoted revascularization when transplanted in SCI [71, 72] . Natural materials with pro-angiogenic properties or engineered materials to promote angiogenesis and/or to deliver pro-angiogenic molecules have also been tested and will be discussed in detail below.
In the sub-acutely injured spinal cord, the injury epicenter shows a prominent cavity with some additional loss of ineffectively formed blood vessels. Bleeding has stopped, and leakage in the penumbra has subsided. Little vascular dynamics occur between the acute and chronic SCI phase, but with time, there is a progressive loss of healthy vasculature at and around the injury site that eventually stabilizes in the chronic phase. Strategies to promote angiogenesis in the subacute and chronic injury phases are greatly lacking from the literature and one can imagine the therapeutic approach may be different from that taken during the acute injury phase. One study found that combining MSC transplants with a material functionalized for cell survival, led to improved revascularization and over ground walking in a chronic injury model [73] . Hopefully, with the advent of new and improved combinatorial strategies, additional successes will emerge for targeting angiogenesis in later phase SCI.
Biomaterials for promoting angiogenesis after SCI
Biomaterials can be utilized as a vehicle to deliver drugs or cells to promote angiogenesis in a controlled manner, potentially limiting dangerous side-effects from systemic and/or repeated delivery of these therapeutics such as tumor growth, rheumatoid arthritis, and retinal disease [74] . Some biomaterials possess innate angiogenic properties, while others can be functionalized or used as part of a combinatorial strategy to target angiogenesis. There is some discussion over the benefits of using degradable vs nondegradable materials. A biodegradable material can be used to deliver cells and factors for a predefined period of time and then be replaced by integrated host matrix. This alleviates concerns over long-term effects of the presence of a foreign material. However, breakdown products or sudden loss of structural stability may cause negative side effects. A non-degradable material could allow for structural stability for regenerating tissues without concerns for byproducts causing negative side-effects. However, long-term presence of a non-degradable material may elicit so far unknown side effects or, for example, if resection surgery is needed, loss of function. Taking these considerations into account, here we will discuss studies that have explored both degradable and non-degradable, natural and synthetic materials for their effects on angiogenesis after SCI.
Natural biomaterials-ECM proteins
ECM proteins are attractive options for use as angiogenic therapeutics after SCI because of their crucial role in embryonic blood vessel formation. Vitronectin, fibronectin, laminin, fibrinogen, collagen, osteopontin, among others, all bind αVβ3 integrin which is key in neovascularization [75] . Also, ECM proteins sequester and prolong the activity of growth factors, which could support the formation of blood vessels [76, 77] . Fibrin, hyaluronic acid (HA) and collagen are often explored for the promotion and/or facilitation of angiogenesis after SCI. Fibrin and HA are probably the most commonly used for proangiogenic effects on ECs and have shown promising results when tested alone [78] and in combination gels [79, 80] . Fibrin has the ability to induce ECs to form capillary-like structures in vitro when used in three-dimensional culture systems [81, 82] . HA is associated with cell adhesion and migration [83, 84] and promoting angiogenesis [78] . Collagen inhibits EC tube formation when added to a fibrin matrix in vitro [82] . However, when combined with a collagen-binding VEGF peptide, significant improvements in vascularization accompanied by anatomical repair and functional recovery were observed in a model of a complete spinal cord transection [85] . Clearly, many ECM components can be employed to alter the angiogenic response after SCI. The specific requirements for a repair approach will dictate which ECM component is best to utilize.
In contrast to using a single ECM protein, some groups have championed combination hydrogels composed of de-cellularized ECM from a variety of sources including bladder, spinal cord, peripheral nerve, and brain [86] [87] [88] [89] . These hydrogels contain a heterogeneous group of ECM proteins that may closely resemble the natural environment of ECs during angiogenesis. When an ECM-hydrogel was injected into a thoracic spinal cord hemi-section, significant increases in RECA-positive blood vessels were observed [89] and this result could be obtained with ECM hydrogels derived from a variety of tissue sources [89] . Similarly, increases in vessel density were found within an acellular sciatic nerve graft placed in the transected thoracic spinal cord [90] .
Synthetic biomaterials
The advantage of using synthesized materials is that most are easily sterilized using standard methods and the mechanical properties, degradation characteristics, and release profile can all be optimized. Also, the chemical structure could be such that bioactive peptide groups can be linked chemically, functionalizing the material to enhance specific biological actions. For an angiogenic application, large pore sizes [91] and Arg-Gly-Asp (RGD) functionalized peptides [92] have been shown to improve vascularization. The most well-known and frequently explored synthetic biomaterials are poly (ethylene glycol) (PEG), poly (glycolic acid) (PGA), poly (L-lactic acid) (PLL), and the copolymer poly (lactic acid) (glycolic acid) (PLGA) (for review see [93] ). These have been used extensively for drug and cell delivery into a variety of models of SCI. Also, the introduction of poly (2-hydroxymethacrylate) (PHEMA), matching the mechanical properties of spinal cord nervous tissue, in a hemisected cervical spinal cord resulted in significant blood vessel formation [94] . PHEMA hydrogels, however, do not degrade, which could positively or negatively affect their utility as a vehicle for drug delivery. Currently, the synthesis of modified and copolymer degradable alternatives is ongoing [95] [96] [97] . Attractive options for easy to manipulate synthetic hydrogels are thermoresponsive, water-based polyurethanes (PU) because these are liquid at room temperature and form a gel at 37°C without the need for adding any harsh chemical cross linkers [98] [99] [100] . In addition to the favorable physical properties, PU is associated with enhanced revascularization after implantation [101] . An overview of pro-angiogenic natural and synthetic biomaterials (used alone or modified as part of a combination strategy) can be found in table 1.
Materials for delivering angiogenic therapeutics
Controlled release from a material injected into an injury is an attractive option to regulate the availability of angiogenic molecules necessary to govern the typically tightly controlled angiogenesis. Besides drugs, cells can also be introduced into an injury to promote angiogenesis directly through vessel formation and/or indirectly via secreted paracrine factors. Materials with specific degradation and release characteristics are required for proper drug or cell delivery into an injury in the spinal cord.
Drug delivery for angiogenesis
Biodegradable materials can be chosen or designed for specific release characteristics. Combining a biodegradable matrix with micro-or nano-spheres provides multiple mechanisms and points of control for drug delivery. The controlled delivery of angiogenic molecules to an injury is vital for regulating in a timely fashion the intricate process of establishing a new functional vasculature which requires many of the molecules involved to be present at specific times and in a specific sequence. During normal embryonic development, the availability of angiogenic molecules is tightly regulated to guarantee proper vascularization of tissue. After injury, revascularization is successful in some tissues but less so in the injured spinal cord, where new blood vessels are formed but fail to organize into a functional vasculature. Biomaterials can help to properly administer key molecules involved in angiogenesis to the damaged nervous tissue. Our expanding mechanistic knowledge of angiogenesis is of crucial importance to our efforts to design effective angiogenic strategies for spinal cord repair. Choosing materials with the appropriate degradation characteristics and sustained drug release properties following introduction into the damaged spinal cord may prove necessary for ideal outcomes. A summary of materials used for angiogenic factor delivery after SCI is provided in table 2.
Cell delivery for vascularization
Several types of biomaterials have been used to facilitate and/or optimize transplantation of cells for spinal cord repair. Many cell types can provide continued trophic support and cytokine signaling to promote the formation of new vasculature. For instance, transplantation of mesenchymal stem cells (MSCs) or their exosomes was found to result in the proliferation and migration of native ECs and the formation of new blood vessels [129, 130] . An alternative approach is to combine ECs with adiposederived stromal cells which provide pro-angiogenic factors for organizing the ECs into functional vasculature [131] . A summary of biomaterials used for angiogenesis-associated cell transplantation after SCI can be found in table 3.
Combination materials
Biomaterials have shown great potential as critical components in multifaceted repair approaches. Their inherent therapeutic potential paired with tunable mechanical and degradation properties allows for combining materials such that their specific therapeutic effects can be optimized. Combination materials include hybrid materials, composed of different fused ECM proteins or moieties thereof, and combined Abbreviations: FGF/FGF2/bFGF= fibroblast growth factor(2; bovine); BDNF= brain-derived neurotrophic factor; VEGF= vascular endothelial growth factor; NGF= nerve growth factor; NT3= neurotrophic factor 3; Ang-1= angiopoietin-1; TSP-2= thrombospondin-2; HA= hyaluronic acid; PLGA= poly(lactic-co-glycolic acid); PDL= poly(D-lactic acid); GAM= gene-activated matrix; PEG= poly (ethylene glycol).
materials, consisting of a mix of natural and/or synthetic materials, matrices and microspheres, or bioactive materials that simultaneously deliver drugs or cells.
A combination of the salmon-derived ECM components, fibrin, laminin, and HA mixed into a hydrogel was shown to promote blood vessel formation when mixed with ECs in vitro and showed good biocompatibility with neural stem cells [79] . Importantly, the combination of these polymers resulted in better outcomes than each of the polymers individually [79] . A combination of synthetic PLGA microspheres loaded with pro-angiogenic factors and natural HA was shown to provide sustained drug-release, resulting in growth and stabilization of new blood vessels within the injury and improved anatomical and functional outcomes [118, 120] .
Another type of combination material is one that concurrently delivers cells and growth factors. Transplanting MSCs genetically engineered to deliver VEGF within a matrix combined with PLGA microspheres with delayed release of the blood vessel stabilizing factor, Ang-1 was found to result in mature, stable, blood vessels organized in a functional vasculature [120] . In another study, MSCs which are known to release a cocktail of pro-angiogenic factors, were combined with a three-dimensional gelatin scaffold surrounded by a PLGA sheath and implanted into the damaged spinal cord [135] . This combination of cells and materials was found to result in decreased inflammation and increased vascularization at the injury site and to support transplant survival [135] . These studies confirmed the potential of combination materials to exert multifaceted effects leading to repair.
Materials for immunomodulation to support angiogenesis
The tight association of angiogenesis with inflammation after SCI opens a therapeutic avenue for biomaterials with immunomodulatory actions to benefit the formation of new vasculature. Immunomodulatory biomaterials may contain native or engineered moieties that directly or indirectly modulate immune cells thereby promoting and/or guiding the generation of new blood vessels and a functional vasculature. After SCI, the predominant immune cell is the pro-inflammatory macrophage, of which the involvement in angiogenesis has been discussed above, and materials that can modulate the amount and phenotype of macrophages during different stages of injury may affect angiogenesis and repair.
Material properties impacting the macrophage response
The properties of materials determine their potential to affect the surrounding tissue. The stiffness of the material is a key determinant in its effect on the macrophage response [137] . It was shown that crosslinking an innocuous or mildly immunogenic material can initiate a stronger immune response from host tissue [138] . For instance, collagen in a non-crosslinked form elicits a mild immune response, while collagen in a crosslinked form evokes a much stronger immune response [139] . Also, when a collagen scaffold was combined with MSCs and introduced in a spinal cord hemisection, the macrophages were found to shift to M2-like phenotype [140] . Collagen scaffolds crosslinked with glutaraldehyde were shown to elicit a strong, but balanced M1-/M2-like macrophage response accompanied by increased vascularization of the scaffold [63] , demonstrating the benefits of immunomodulatory materials. These studies using collagen scaffolds clearly emphasize the multiple therapeutic targets to consider when selecting a material to balance inflammatory and angiogenic responses for enhancing repair.
Residual cell parts can be an important factor in how a natural ECM-based material affects the immune response. It is critical that de-cellularized tissues used for implantation are analyzed for the presence of any cellular remains because these may evoke strong immune responses, unbalanced macrophage polarization to the M1-like phenotype, and increased scar deposition. On the other hand, properly de-cellularized scaffolds, i.e., free of any cellular residues, can promote the formation of new, functional, vascularized tissue [141] . The host responses to ECMbased materials have recently been reviewed [142] .
Materials to modulate the immune response
Some materials are known to have innate antiinflammatory properties. A widely used material for spinal cord repair with anti-inflammatory effects is chitosan, a linear polysaccharide from the chitin shells of crustaceans [143] . The effects of chitosan on inflammation have been attributed to its ability to inhibit the secretion of TNF-α and IL-6 [144] , increase the expression of heat shock protein 70 (HSP-70), and decrease the activation of NF-κB resulting in antioxidative properties [145] . Chitosan was found to decrease neuro-inflammation and increase neuroprotection when implanted alone [146] or in combination with methylprednisolone [147] or cells [148] . Materials with direct or indirect immunomodulatory effects are listed in table 4.
Surface micropatterning to impact inflammation and angiogenesis for spinal cord repair
Materials communicate with cells through attachment and surface-membrane interactions. Thus, the micropattern of the surface of implanted materials can influence cells through directly initiating a signaling cascade or manipulating cell attachment and morphology. Modifications of the surface micro-pattern of materials allows regulation of material-cell interactions. The pattern on materials can be modified using photolithography [155] or soft lithography stamping techniques [156] . It was demonstrated that ECs and macrophages can be affected by changing the presentation of material surface markers. For instance, cells can be coaxed into an elongated morphology using cell adhesion ligands patterned in thin lines on the implanted material. Macrophages exposed to adhesion patterns could be shifted towards the M2-like phenotype with respect to both morphology and secretion profiles [157] . ECs can form microvessels along patterned surfaces [158] . Lithography techniques were used to direct and increase axon growth after SCI [159, 160] . Patterning of different ligands or combining and/or alternating patterns to simultaneously influence vasculature and immune cells could improve angiogenesis as well as axon regeneration and repair after SCI.
Future directions
A better understanding of vascular consequences and angiogenesis after different types, locations, and severities of SCIs could aid in the development of future therapies. SCIs are heterogeneous and each presents different requirements for angiogenesis and repair. Also, the progressive nature of SCIs stresses the notion that a strategy developed/tested in the environment of an acute injury may not be similarly effective for chronic injuries. Acutely, delivering angiogenic factors may elicit angiogenesis in the penumbra to establish new vasculature in the injury epicenter ('outside-in' approach). However, in time after SCI, more nervous tissue is lost, scar tissue has fully developed, and functioning vasculature is farther away from the injury epicenter. Thus, chronically, to realize new vasculature in the injury epicenter it may be necessary to introduce materials, with ECs and/or other supporting cells, combined with angiogenic factors ('inside-out' approach). A combinatorial intervention may provide the robust growth response demanded by the complexities of (especially) chronic SCI [81, 161] . The timing of delivery of angiogenic factors is a crucial consideration and should be accomplished with a high degree of temporal control to optimize immunomodulation and maximize functional revascularization of the damaged nervous tissue. One can imagine a counterproductive or even detrimental situation where factors that stabilize and fortify new vessels Abbreviations: ECM= extracellular matrix; PLGA=poly(co-lactic/glycolic acid); HA=hyaluronan; HAMC= hyaluronan and methylcellulose blend; TNF-α= tumor necrosis factor alpha; IL-6= interleukin 6; NF-κB= nuclear factor kappa-light-chain-enhancer of activated B cells; HSP-70= heat shock protein 70; hMSC=human mesenchymal stem cell.
while inhibiting growth (i.e. PDGF and TGF-β) were presented at the injury site prior to introducing/ upregulating pro-vascular growth factors (i.e. VEGF and FGF). Likewise, having unregulated growth of immature and/or leaky vasculature could increase accessibility of the injury site to pro-inflammatory cells and cytokines, potentially increasing secondary tissue damage. More and focused research on angiogenesis using systematic and quantifiable approaches is needed in the SCI field. Angiogenesis for spinal cord repair is relatively understudied and in its infancy. This is markedly different in other medical fields including cancer, rheumatoid arthritis, retinal disease, myocardial and peripheral ischemia, chronic wounds/lesions, where angiogenesis is a primary therapeutic target. Thus, there is much knowledge to be gained from the plethora of research on mechanisms underlying angiogenesis in these other disciplines. Mechanistic information may reveal novel therapeutic targets that can instruct the development of effective material-based strategies for revascularization of the damaged spinal cord.
In cancer research many therapies are being explored to halt the formation of new blood vessels. For instance, it was shown that blocking the αVβ3 integrin [162, 163] or its ligands inhibited blood vessel maturation which was accompanied by apoptosis of ECs [163] . A review on utilizing ECM for investigating tumor angiogenesis was recently published [164] . Reversely, for SCI, facilitating or overexpressing αVβ3 integrins, or introducing materials functionalized with its ligands, may enhance pro-angiogenic signaling and elicit the formation of new vasculature. In both cancer and retinal pathologies, treatments that block angiogenic factors, especially anti-VEGF, have been successfully developed and tested providing some promising results [165] [166] [167] [168] . In cardiac and peripheral muscle ischemia and reperfusion injury, MSCs have been explored extensively for promoting angiogenesis and repair [169, 170] .
Expansion of our potential therapeutic targets for angiogenesis may support the development of new therapies for SCI. For instance, there is a growing body of literature on neuron or glia-associated integrin activation for axon growth [171, 172] and cell survival [173] ; however, the role of integrins in angiogenesis is understudied. Intensifying the research of integrins, and other so far understudied targets, in angiogenesis may reveal novel potential targets. In general, benefiting from the knowledge from other medical fields and exploring therapeutic targets from other aspects of spinal cord repair may help to develop effective angiogenesis-based therapies.
Summary and conclusions
Restoration of the damaged vascular network after SCI is a crucial step for maintenance and survival of damaged nervous tissue, axon regeneration, and long term functional recovery. The orchestra of inflammatory cells activated after injury in a sequentially regulated manner are involved in promoting angiogenesis and repair in the majority of tissues. However, this does not occur in the spinal cord which displays chronic inflammation in which M1-like macrophages maintain a hostile environment deprived of functional angiogenesis and tissue repair. Using biomaterials that directly or indirectly, through delivery of drugs or cells, affect repair through modulating the shift to M2-like macrophages, promoting angiogenesis and/or vascular maturation, is a promising approach to mediate spinal cord repair. Research in adjacent fields may provide new therapeutic targets and support the design of new, more effective, repair approaches based on angiogenesis and/or immunomodulation. Additionally, more focused studies within the SCI field for elucidating the key mechanisms of SCI-associated angiogenesis and inflammation combined with collaborative efforts from engineers and material scientists could lead to the discovery and design of successful combinatorial strategies for repair of the injured spinal cord.
